The p53 gene acts as a regulator of cell growth and DNA repair in normal cells; inactivation of the gene seems to lead to cancer. It is the most commonly mutated gene in human cancers, and a high-throughput sequencing method is needed for cancer etiology studies using large sample sets. In our population-based case-control study of breast cancer, the p53 gene was amplified by PCR for 392 subjects from seven hospitals in Western New York using the Affymetrix GeneChip technology. One hundred thirty-eight (35%) of the breast tumors had p53 mutations, of which 88% were located in exons 5 to 8. New hotspots were identified at codons 179, 195, 196, 213, 217, 249, 254, 278, 281, and 298, and previously reported hotspots were found at codons 175, 248, and 273. Manual sequencing for exons 5 to 9 of the p53 gene was done for 139 tumors to validate the Affymetrix assay. The two methods had 100% concordance for mutations detectable by the Affymetrix assay. We also successfully assayed paraffinembedded breast and lung tumors from as early as 1958 and employed a nested PCR strategy to improve weak PCR amplification. To have statistical power, the investigation of gene environment interactions and cancer requires a large number of tumor analyses, which are frequently only available from archived tissue from multiple sources. We have shown the utility of the Affymetrix GeneChip method under these challenging conditions and provided new data for the mutational spectra of breast cancer in a populationbased study. 
Introduction
Loss of tumor suppressor function is a frequent feature of human cancers through various mechanisms, including gene deletions, insertions, and point mutations. The p53 tumor suppressor gene is the most commonly mutated gene in cancer. Almost 50% of all human cancers and 30% of breast cancers contain a p53 mutation (1, 2) . It has been suggested that the p53 mutational spectra could be a marker of mutagen exposure and gene environment effects, useful in clarifying exposure-disease relationships (3) (4) (5) . There are several examples of particular carcinogens associated with higher frequencies of particular p53 mutations (6) (7) (8) (9) (10) (11) . Several p53 mutation hotspots have been identified in breast cancer, predominantly at codons 175, 248, and 273, where the highest percentage of base changes are G-T transversions (12) . All three of these p53 hotspots have been examined in breast cancer and were found to cause dominant-negative effects when mutated (13) .
New technologies have significantly increased the throughput for p53 sequencing, particularly the Affymetrix GeneChip system (a technology that is now owned by Roche Diagnostics, Basel, Switzerland). This method can be used in a clinical setting, where a large number of samples must be analyzed in a short period of time for prognostic or therapeutic uses of p53 and for large epidemiologic studies. Four previously conducted smaller studies compared microarray sequencing methods to conventional sequencing methods in ovarian, lung, bladder, and breast cancer. Three showed that chip sequencing had high sensitivity and specificity; the breast cancer study used formalin-fixed, paraffin-embedded tumors and suggested that a combination of methods yields better results (14) (15) (16) (17) . Large-scale studies of p53 mutations in breast cancer, however, have not been conducted. Additionally, epidemiologic studies often rely on stored tumor samples. In this study, we analyzed paraffin-embedded breast tumors from 420 subjects for p53 status by microarray sequencing and compared the results with conventional manual sequencing methods. Additional analyses were done on archived, paraffin-embedded tumors identified through the Swedish Cancer Registry dating back to 1958, and a nested PCR strategy was employed, both to show the versatility of the method and to improve results from low-quality samples.
Materials and Methods
Study Subjects and Tissue Collection. We obtained archived paraffin-embedded tumor blocks for 420 breast cancer cases diagnosed between 1986 and 1991 at five hospitals in the Western New York area. These blocks were fixed with either formalin, ethanol, or Lilly's medium. These cases were women who had participated in the Western New York Diet Study, a case control study that has been previously described (18) (19) (20) . Separately, 15 lung and breast tumors diagnosed between 1958 and 1968 and an additional 23 lung and breast tumors were identified using the Swedish Cancer Registry and collected in Stockholm, Sweden. Formalin fixed, paraffinembedded tumors were cut into 20-or 50-Am sections, placed onto slides, and shipped in temperature-controlled containers.
DNA Extraction. Extractions were done in PCR-free lab areas. The tumor tissue was separated from normal tissue on the slide by microdissection with a fine needle under a microscope, limiting the amount of surrounding stromal and normal cells included in the extraction. A separate H&E-stained slide was used as a guide for microdissection. Microdissected tissues were placed in a solution of 1Â TE (pH 7.5), 0.1% SDS, and proteinase K at 55jC for 2 days. Two extractions were then done on each sample with 25:24:1 phenol/chloroform/isoamyl alcohol and precipitated with glycogen, 10 mol/L ammonium acetate, and 100% ethanol, as previously described (21) . The concentration of DNA was measured using a GeneQuant II RNA/DNA spectrophotometer (Amersham-Pharmacia, Piscataway, NJ). For tumors preserved in Lilly's fixative (n = 40), the microdissected samples were first treated with 0.01% ML-201 (reagent gift of Dr. Aizen Marrogi, Walter Reed Army Hospital, Washington, DC) and Chelex-100 (Bio-Rad, Hercules, CA) for 10 minutes in a 95jC water bath. After cooling to room temperature, proteinase K was added, the samples were incubated at 65jC overnight, and the protocol was continued as with other samples.
Affymetrix p53 GeneChip Assay. Exons 2 to 11 of the p53 coding region were amplified by a single 10-exon multiplex PCR and then sequenced using the Affymetrix p53 GeneChip system (Affymetrix, Santa Clara, CA). The PCR reagent mix included Perkin-Elmer PCR buffer II (Perkin-Elmer, Wellesley, MA), 25 mmol/L magnesium chloride, 100 mmol/L deoxynucleotide triphosphates, p53 primers (Affymetrix), and Amplitaq Gold (Perkin-Elmer) in a final reaction volume of 100 AL. Each reaction contained 250 ng of template DNA. Amplification conditions were as follows: initial denaturation at 95jC for 10 minutes, 35 cycles of 95jC for 30 seconds, 60jC for 30 seconds, and 72jC for 45 seconds and final extension at 72jC for 10 minutes. PCR products were resolved on a 4% NuSieve agarose gel (Cambrex, East Rutherford, NJ) and visualized with ethidium bromide to ensure PCR amplification quality. PCR product (45 AL) was fragmented with the GeneChip Fragmentation Reagent (Affymetrix) and calf alkaline phosphatase at 25jC for 15 minutes followed by enzyme inactivation for 10 minutes at 95jC. Fragmented DNA was then labeled at the 3V end with Fluorescein N6 Dideoxy ATP (Enzobio, Farmingdale, NY), terminal deoxynucleotidyl transferase buffer, and terminal transferase (Promega, Madison, WI) for 45 minutes at 37jC followed by heat inactivation at 95jC for 5 minutes. The labeled product was then hybridized to the p53 GeneChip Array (Affymetrix) in a mix of 6Â saline-sodium phosphate-EDTA, 0.5% Triton X-100, 2 mg/mL acetylated bovine serum albumin, and 2 nmol/L control oligonucleotide (Affymetrix) for 30 minutes at 45jC. The array was then washed twice with a solution of 3Â salinesodium phosphate-EDTA and 0.005% Triton X-100 at 35jC. Hybridization and washing were done in the Affymetrix GeneChip Fluidics Station 400 (Affymetrix).
The array was scanned by the Agilent G2500A Gene Array Scanner (Affymetrix), and the light intensity at each position on the chip was measured. Affymetrix Reference DNA was used as a wild-type template for sample comparison. Each site containing a single base deletion or a substitution was given a numerical score according to an algorithm within the Affymetrix software, with higher scores indicating higher light intensity and greater likelihood of a true mutation (15) . We previously validated the GeneChip score assignment by performing the p53 GeneChip assay on 100 lung tumors that had been analyzed for p53 mutations by single-strand conformation polymorphism analysis (22) . We determined that scores of z15 assigned by the GeneChip algorithm were valid mutations. 6 Any samples with exon 4 data missing after the DNA was subject to GeneChip analysis were individually amplified and manually sequenced to generate complete data for those samples. Exon 4 PCR products were generated using the specific primer sequences from the Affymetrix primer set and the same PCR conditions as for the multiplex reaction. The p53 GeneChip is not designed to identify insertions or deletions of >1 bp. We tested five known multibase deletions and five insertions with the GeneChip array to determine what the software would report in these instances. The system reported a misread at these sites, indicated by ''N,'' which is indistinguishable from samples with insufficient DNA or other technical problems.
Sample Amplification by Nested p53 PCR. For the nested PCR strategy, tumor DNA was amplified with the Affymetrix multiplex PCR, hybridized to the p53 GeneChip, and analyzed. These samples were then amplified with a nested PCR, first with primers designed to amplify a region outside the original Affymetrix sequence (Qiagen, Valencia, CA; see Table 1 for sequences), then with the original Affymetrix primers. nested PCR reagent mix contained the same reagents as the original Affymetrix PCR mix, with the exception of 1 AL of PCR product as the template and the inner primers. Amplification conditions, visualization of the PCR products, and analysis with the Affymetrix p53 GeneChip were as described above.
Dideoxy p53 Sequencing. p53 exons were individually amplified (in a separate reaction from the amplification for GeneChip analysis) and manually sequenced using the Amplicycle sequencing kit (Perkin-Elmer). The PCR product and primer were heated to 95jC, chilled, and mixed in microcentrifuge tubes with dye terminators and the sequencing cocktail containing 3 mol/L dilution buffer, 0.5 mol/L DTT, pyrophosphatase, sequenase enzyme, and S35-labeled dCTP. The reaction was incubated at 42jC for 5 minutes. Each dye terminator sequencing reaction product was electrophoresed on a 7% polyacrylamide gel using a S2000 gel apparatus and exposed to XAR5 film (Kodak, Rochester, NY) overnight at À80jC. The autoradiograph was reviewed by two readers, and samples with disagreement were repeated.
Results
Affymetrix p53 GeneChip Mutation Analysis. We used a single 10-exon multiplex PCR as part of the Affymetrix p53 GeneChip system to successfully amplify 392 of 420 samples (93%) from formalin-fixed, paraffin-embedded breast tumors in the Western New York Diet Study (Fig. 1) . The study set included 40 tumors fixed in Lilly's medium that were initially extracted using the standard phenol chloroform protocol, but the amplification success rate in the multiplex PCR was only 7%. After extraction using Chelex-100, the amplification success rate for these samples increased to 80% (Fig. 2) .
p53 mutations were detected in 138 of 392 tumors (35.3%) in the Western New York Diet Study set, and 121 (87.7%) of the mutations occurred in exons 5 to 8. Of the 17 mutations (12.3%) in other regions, 11 were in exon 9, 3 in exon 4, 2 in exon 10, and 1 in exon 3 (Fig. 3) . We detected three single base deletions (23) . Eleven percent of p53 mutations in our study were located in known hotspots, 12.9% in codons affecting protein stability, 9.3% in codons affecting DNA binding, 26.6% in the L2 or L3 loops, and 38.1% in evolutionarily conserved regions (Table 2 ). Seventy-two percent of mutations were missense mutations, 22% were silent, 4% were nonsense mutations, and 2% were frameshift mutations caused by deletions.
Affymetrix p53 GeneChip Validation by Manual Sequencing. We selected 139 tumors for manual sequencing, all with one or more exons presenting a score above 9 by the Affymetrix p53 GeneChip. (A new amplification product was generated to avoid duplicating any Taq polymerase errors or artifacts resulting from formalin fixation that may have lead to a mutation detected by the GeneChip.) In these samples, the Affymetrix p53 GeneChip identified 78 samples as negative for a p53 mutation and 61 samples as positive for a p53 mutation. By manual sequencing, 77 samples were negative and 56 were positive for a p53 mutation. Six samples that were positive for a mutation by the p53 GeneChip had high background in manual sequencing that rendered the results less reliable. Manual sequencing detected one single base insertion, which was not detected by the Affymetrix p53 GeneChip due to limitations of the technology. Disregarding the six samples that could not be read by manual sequencing, results were 98% concordant for mutation detection between the Affymetrix p53 GeneChip and manual sequencing for all mutation types. Results were 100% concordant for mutations detectable by the Affymetrix GeneChip assay.
Affymetrix p53 GeneChip Reproducibility and Quality Control. One hundred eleven samples were randomly chosen to be repeated in the Affymetrix p53 GeneChip assay and had concordant results. Although the actual scores changed somewhat, all samples that were identified as positive for a p53 mutation in the first analysis had fluorescence scores above 15 on the second analysis, and no samples identified as wild type in the first analysis had scores above 15 in the second analysis (Table 3) .
For 13 tumors, we analyzed more than one slide from different parts of the tumor, for a total of 44 internally blinded duplicates. We found 77% concordance for these repeated measures. Eight tumors were wild type in all blocks, and two tumors had the same mutation identified in all blocks. The mutations in blocks from the same tumor were always the same, the observed discrepancies were the presence or absence of a mutation and not the type or location of a mutation. Three tumors had a positive mutation in some blocks and wild type in others. For example, in four blocks from one tumor, two were wild type and two were positive for a C-T transition at codon 278. The discordance was likely due to a low tumor to normal tissue ratio in these samples, making microdissection difficult. Some samples required a second extraction to perform quality control protocols. Twelve of the 14 (86%) samples requiring a second extraction were concordant with results from the first extraction.
The 15 samples collected from the Swedish Cancer Registry between 1956 and 1968 were analyzed using the Affymetrix p53 GeneChip assay. These samples were formalin-fixed, paraffin-embedded tissues archived for several decades, and we were able to obtain complete results from the p53 GeneChip assay. Three of nine lung tumor samples and two of six breast tumor samples were positive for p53 mutations. Mutations occurred at codons 179, 195, 248, 249, and 273 with fluorescence scores ranging from 18 to 31. Manual sequencing of the Swedish samples confirmed that the p53 GeneChip assay was 100% accurate in identifying mutations.
Affymetrix p53 GeneChip Using Nested PCR. A nested PCR method was used to improve our ability to use samples with weak amplification by a single PCR. Twenty-three lung and breast tumors with complete results after amplification with Affymetrix primers and analysis by p53 GeneChip were selected from the Swedish Cancer Registry samples. These samples were repeated using a nested PCR strategy, where the first PCR was designed to amplify an area larger than the Affymetrix primers, and the second PCR was done using the Affymetrix primers. Eleven of the 23 samples (48%) were positive for p53 mutations (with scores above 15) using the Affymetrix primers in a single PCR (data not shown). After nested PCR and analysis by p53 GeneChip, all 11 original mutations were confirmed. Six samples that were wild type by the first analysis had intensity scores above 15 after the nested PCR, all of which would be manually sequenced to eliminate false positives. Six samples were wild type by the Affymetrix primer analysis and had no scores above 15 by the nested PCR analysis, confirming wild-type status.
Discussion
Our results show that the Affymetrix p53 GeneChip assay is a fast, accurate, and sensitive method of identifying p53 mutations and thus is suitable for mutation screening in large population-based studies. We confirmed our p53 GeneChip results from formalin-fixed, paraffin-embedded breast tumors with manual sequencing and repeat GeneChip assays. We have shown that the assay can be used for paraffinembedded tissues dating back to 1956 and that with careful DNA extraction and PCR, exon 4 can often be amplified from paraffin-embedded tissues. Mutations identified with the GeneChip assay should be confirmed with another method using a new PCR product to eliminate false positives from polymerase errors or fixation artifacts, although we did not find such artifacts. The Affymetrix GeneChip is designed to oversample the more commonly reported p53 mutations by employing multiple binding sites. Thus, there is a risk of bias for detecting these mutations. However, the sensitivity of the GeneChip, as confirmed by manual sequencing, indicates that it is sufficient to identify other mutations. In addition, there are a sufficient number of breast cancer p53 mutation studies to allow for such a strategy to be employed for the GeneChip without significant concerns about biasing epidemiology results. A cutoff score of 15 was found sufficient to identify mutations in the p53 gene. It should be noted, though, that we continue to manually sequence all exons with a mutation score of >12, to avoid laboratory error.
Using a nested PCR strategy, we reproduced 100% of mutations identified by a single PCR. These data suggest that the additional PCR does not compromise mutation detection. Although additional mutations detected by nested PCR indicate that there may be an increase in the false positive rate, all samples with scores above 15 in our studies are manually sequenced to eliminate false positives. Data from our nested PCR show that the use of this technology could be further extended to samples that have weak amplification due to low quality or quantity of DNA. The blinded duplicates and repeat extractions included for quality control indicate that the assay is reproducible. Variability in these controls was likely due to microdissection techniques from small tumor samples with adjacent normal tissue contamination or a lack of homogeneity of the tumor.
Studies that use manual sequencing to identify p53 mutations typically examine only exons 5 to 9 because of the significant labor and material requirements for sequencing 10 exons. The p53 GeneChip performs sequence analysis on exons 2 to 11 of the p53 gene and checks the flanking intronic sequences for splice junction analysis. Labor and time are considerably reduced when using the p53 GeneChip assay compared with manual sequencing, which is of great importance for large studies. The IARC maintains a database of published p53 mutations, listing the reference, the frequency of mutations, and other information (http://www-p53.iarc.fr/index.html; R10 July 2005). We compared our results to the IARC p53 mutation database and found a slightly different spectrum (Fig. 4) . GC:AT transitions make up about 50% of all breast mutations from studies in the United States in the IARC database, whereas our study found only 32%. We found a higher percentage of GC:TA transversions (29% versus 9%) and a higher percentage of AT:TA transitions (13% versus 3%). Differences in mutation type between our study and the IARC database may be attributable to population differences or may suggest that the etiology of tumors in this study differs, to some extent, from the etiology of tumors in other studies. The p53 GeneChip assay detected three single base deletions (2.2%), which is slightly lower than the IARC database frequency of single base pair deletions in breast cancer (4.7%). This difference may be due to the choice of cutoff score for mutations reported by the GeneChip, as other researchers have suggested lower cutoff score is necessary to detect deletions (15) . However, additional sequencing of exons from 139 samples with scores of z9 resulted in no additional deletions being detected. The number of single base pair deletions missed in this study by using the cutoff score of 15 would be <5% of all mutations in these samples, according to the rates reported in the IARC database. The GeneChip system is limited by the inability to detect insertions and multibase deletions, which make up 10% of breast p53 mutations in the IARC USA database. Another mutation analysis method may be considered in conjunction with the p53 GeneChip to detect these mutations. However, compared with prior conventional sequencing methods that focus only on exons 5 to 9 because of labor considerations, the GeneChip detects the additional 7% of p53 mutations in breast cancer that occur in exons 2 to 4 and 10 to 11.
Eleven percent of p53 mutations in this study were at known hotspot codons 175, 248, and 273, and new hotspot mutations (codons where >2% of study mutations were located) were identified at codons 179, 195, 196, 213, 217, 225, 229, 249, 254, 278, 281 , and 298. Together, these hotspot mutations comprised 49% of mutations in this study set. In the IARC database, known hotspot mutations at codons 175, 248, and 273 comprise 16% of all p53 mutations in breast tumors in the United States (see Fig. 5 for IARC USA data.). Previous studies have found slightly higher rates of known hotspot mutations than those observed in our study: Powell et al. 25), 0%. The IARC database for p53 mutations in breast cancer in the United States contains 64% missense mutations, 12% silent, 12% frameshift mutations, and 7% nonsense mutations. Our study found a higher rate of missense mutations and silent mutations and lower rate of nonsense mutations and frameshift mutations. Differences may be due to study populations.
In conclusion, we have shown the use of the Affymetrix p53 GeneChip assay for analyzing p53 mutations in archived tissues. Although previous studies have compared DNA array sequencing to manual sequencing, none have examined a large population of breast tumors, and few have presented data on analysis of p53 exon 4 in formalin-fixed, paraffin-embedded tissues. The use of archived tissues for population studies is becoming increasingly attractive and practical, with technologies developing to meet the challenges of using paraffinembedded tissues.
